A label-free optical detection method has been designed that allows direct monitoring of enzymatic peptide digestion in vitro. The method is based on the addition of a reporter pair, composed of the macrocyclic host cucurbit[7]uril (CB7) and the fluorescent dye acridine orange (AO), to detect the proteolytic degradation of peptides. The enzymatic activity of trypsin and leucine aminopeptidase (LAP) was investigated using H-LSRFSWGA-OH as a substrate. The substrate as well as the intermediary and final products (i.e., H-FSWGA-OH and phenylalanine) formed during its enzymatic hydrolysis differ in their binding affinity to the receptor CB7, which results in varying degrees of dye displacement and, therefore, different fluorescence intensities. CB7 showed a relatively weak binding constant of K ≈ 10 4 M -1 with the substrate, a relatively strong binding constant of K ≥ 10 6 M -1 with H-FSWGA-OH (which is a final product formed by trypsin digestion and the intermediary product formed during the enzymatic activity of LAP), and a moderate binding constant of K ≤ 10 5 M -1 with phenylalanine. Owing to this differential binding affinity of CB7 with the substrate and the corresponding products, the digestion of a peptide by trypsin was followed as a decrease in fluorescence signal, while the complete degradation of the peptide by LAP was monitored as a decrease and a subsequent increase in fluorescence signal. The k cat / K M value for trypsin (2.0  10 7 min -1 M -1 ) was derived from the change in fluorescence signal with time. Additionally, the complete degradation of the peptide by LAP was also followed by mass spectrometry. The use of a supramolecular sensing ensemble (macrocyclic host and dye) as a fluorescent reporter pair gives this method the flexibility to adapt for monitoring the stepwise degradation of different biologically relevant peptides by other proteases.
Proteases are biological catalysts mediating numerous cellular and metabolic processes [1] . Several enzyme assays have been developed to understand and visualize their activity [2] . Customarily, these are fluorescence-based methods that rely on fluorescently labeled peptides as substrates. While endopeptidases (proteases that hydrolyze internal amide bonds) [3] can be conventionally detected using either fluorescently or radioactively labeled substrates, designing fluorescent assays for exopeptidases (proteases that cleave amide bonds at the N-or C-terminal positions of the peptide) [3] , has remained substantially more demanding, because end-labeled substrates are frequently not accepted as substrates by the exopeptidases. Accordingly, only a handful of fluorescent methods have been reported for monitoring exopeptidases activity [4] . Another challenge in the investigation of exopeptidase activity is the monitoring of the sequential cleavage of a peptide from one end to the other (a process which is in the most trivial case that involved in gastrointestinal digestion). None of the existing fluorescence-based enzyme assays allows observation of multiple exo-cleavage events, i.e., the step-by-step degradation of a peptide, to be followed, which calls for structural analytical methods, such as mass spectrometry (MS) [5] .
We have recently adapted an approach from supramolecular chemistry to design a novel line of enzyme assays [6] . The resulting supramolecular tandem assays [6a] employ reporter pairs composed of a synthetic macrocyclic receptor and a fluorescent dye. The two components form a supramolecular host-guest complex, which changes the photophysical properties of the dye. Leaning on the indicator displacement principle [7] , an enzymatic substrate and the corresponding product are capable of displacing the fluorescent dye to different extents from the macrocycle, such that the change in fluorescence of the dye in the course of an enzymatic reaction can be correlated with the conversion, i.e., the enzymatic activity. If the macrocycle binds more strongly to the product of an enzymatic reaction (product-selective assay) [6a,6d] , the progress of the enzymatic reaction is signaled by the displacement of the fluorescent dye from the macrocycle, leading to a concomitant change in fluorescence intensity. Conversely, if the substrate binds with higher affinity to the macrocycle (substrate-selective assay) [6b,6c,6e], the enzymatic transformation can be monitored as a change in fluorescence intensity due to the uptake of fluorescent dye into the macrocycle as the enzyme converts the substrate.
To by-pass the need for substrates with covalently attached fluorescent or radioactive labels, we have recently developed a label-free tandem assay for proteases and exemplified its use for a metalloendoprotease, thermolysin [6d]. Herein, we introduce supramolecular tandem assays for a selective endopeptidase, namely trypsin, and a relatively unselective exopeptidase, leucine aminopeptidase (LAP). The results obtained from the label-free assays, including the monitoring of stepwise exopeptidase activity, are structurally supported by MS data.
Selection of a reporter pair. We selected acridine orange (AO) and cucurbit[7]uril (CB7, Figure 1 ) as our reporter pair, which has already been successfully employed to follow the activities of the enzymes diamine oxidase and thermolysin [6b,6d]. The fluorescence of the weakly fluorescent dye AO is significantly enhanced upon encapsulation by CB7 due to a complexationinduced pK a shift [8] . The formation of strongly binding analytes, as it may occur in the course of an enzymatic reaction, causes a dye displacement and fluorescence decrease, while the depletion of a strongly binding analyte causes the opposite response. The synthetic macrocyclic receptor, CB7, is a cyclic oligomer composed of . The hydrophobic interior of the barrel-shaped CB7, along with its two identical carbonyl-laced portals, make CB7 a suitable host for both non-polar hydrophobic and/or cationic guest molecules. The interplay of supramolecular interactions (hydrophobic versus ion-dipole) accounts also for its relatively high selectivity towards guest molecules [10] . Most pertinent in the context of protease assay development, the complexation of CB7 with the aromatic residue of internal phenylalanine (no adjacent charges) is driven solely by hydrophobic interactions and the binding is moderately strong (K ≈ 10 4 M -1 ) [6d]. In contrast, a very tight binding is observed between CB7 and the aromatic residue of N-terminal phenylalanine (K ≥ 10 6 M -1 ) [11] , due to the presence of additional ion-dipole interactions between the ammonium group and the carbonyl portals. This precise stabilization of terminal ionic groups (in case of CB7 the stabilization at the N-terminus) is an important criterion in the design of artificial receptors for sequence-selective recognition of peptides [12]. 
Selection of peptide substrates.
Based on our previous experience in the development of protease assays with singly labeled peptides [4b], we selected peptide 1 (Figure 1 ) as a common substrate for both investigated enzymes. Given the reported inhibitory effect of CB7 on the activity of proteases by forming a host-substrate complex [13] , CB7 may not seem to be an obvious choice. However, the concentrations of the host CB7 and of the substrate peptide employed in tandem assays (μM) are much lower than the amount required for inhibition (mM). This conjecture was confirmed by competitive titration experiments, which confirmed that peptide 1 displayed a relatively low affinity for CB7 and did not interfere with the formation of the strongly fluorescent CB7/AO complex (Table 1) . Furthermore, its binding constants in the different buffers were at least 2 orders of magnitude lower than the expected (final or intermediary) peptide products of the proteolytic degradation. The latter contain a strongly binding N-terminal phenylalanine residue, which was modeled with respect to its binding affinity by determining the binding constant of phenylethylamine (4, Table 1 ). Note that the absolute binding constant to CB7 depends on the selected buffer, because alkali ions (present as Na + in the borate buffer) are known to show competitive binding [14] . Nevertheless, regardless of the variations in absolute binding constants (Table 1) , tandem assays could be constructed for both buffers, because the method is based on the differential binding between substrate and product, which applies regardless of buffer. Peptide 2 ( Figure 1 ) presents a longer repeat peptide sequence that was employed in the development of the exopeptidase tandem assays for LAP.
Supramolecular tandem assay for trypsin.
Trypsin is widely used in peptide sequencing, tissue culture protocols, and as a diagnostic marker for pancreatic diseases [15] . Trypsin, from the family of serine proteases, is enzymologically well characterized such that the application of tandem assays in this case served mainly as a proof of principle. Upon addition of trypsin to a reaction mixture containing peptide 1 and the strongly fluorescent reporter pair (CB7/AO), a time-resolved decrease in fluorescence intensity was observed. This is because trypsin selectively cleaves peptide 1 at the carboxyl end of arginine [16] , forming a peptide fragment with phenylalanine at the N-terminus that binds sufficiently strong (Table 1) to gradually displace AO from the CB7 cavity (product-selective tandem assay, cf. Scheme S1 in Supplementary Data). Therefore, trypsin activity can be continuously followed as a decrease in fluorescence intensity (switch-off fluorescence response, Figure 2 ). The time-dependent change in fluorescence intensity at various substrate concentrations (inset of Figure 2 ) was used to determine the proteolytic constant (k cat /K M ). The resulting value, 2.0 × 10 7 min -1 M -1 , is in good agreement with the reported literature value (3.8 × 10 7 min -1 M -1 ) determined by a single-label protease assay for a very similar peptide sequence (H-XLSLSRFSWGA-OH, X is a fluorescent label) [4b]. As can be seen, and as has already been shown for another protease (thermolysin) [6d], tandem assays for endopeptidases are straightforward to design when the enzymatic cleavage affords a product peptide with an N-terminal aromatic amino acid. Burk plot for the initial rates of peptide hydrolysis versus substrate concentration. The initial rates were obtained by linear fits of the normalized intensities (see Figure S3 in Supplementary Data), assuming a conversion linear with the fluorescence intensity and full conversion in the plateau region.
Supramolecular tandem assay for leucine amino peptidase.
Since the assay principle should be similarly applicable to exopeptidases, we turned our attention to the enzyme LAP. LAP, a cytosolic metalloprotease, plays diverse biological and physiological roles by degrading bioactive peptides involved in peptide-dependent signaling [17] . For instance, LAP is implicated in the N-terminal trimming or degradation of oligopeptides generated from proteasomes to antigenic peptides or free amino acids [18] . As mentioned in the outset, fluorescent assays for exopeptidases suffer generally from the complication that the extrinsic label must be positioned directly where cleavage is supposed to occur, modulating the rate of cleavage or even inhibiting cleavage [4a,4e] . Accordingly, assays for exopeptidases such as LAP are scarce such that label-free assays, and in particular the tandem assays developed herein, are practically highly relevant.
LAP cleaves amide bonds from the N-terminal side of a peptide. It is know to remove leucine most effectively, but acts rather unselectively on all amino acid residues with L-configuration [19] . In contrast to trypsin, a straightforward product-selective tandem assay could not be implemented for LAP, because the enzyme was expected to cleave, at varying rates, the amino acid residues one after the other, including the phenylalanine residue. A combination of product-selective and substrate-selective recognition by CB7 with the associated off-and-on fluorescence response was, therefore, expected to take place in the course of the enzymatic reaction, a scenario which we have previously referred to as a "domino" tandem assay [6b]. Domino tandem assays are based on the same operational principle of tandem assays, but different ones in sequence. This allows, for example, in a first step, the formation of an initial enzymatic product to be probed (product-selective assay) and, in a second step, the depletion of the initial product, which now serves as substrate for a second enzymatic reaction (substrateselective assay). In detail, LAP was first expected to form a strongly binding peptide fragment with the N-terminal phenylalanine residue (initial product, switch-off response), which could be subsequently converted, through a rapid host-guest exchange equilibrium, to the amino acid phenylalanine and another peptide fragment, which should both act as weak binders to CB7 (final products, switch-on response).
The general principle for assaying an exopeptidase is shown in Scheme 1. Initially (left side), the dye AO favorably competes with the internal phenylalanine residue for the complexation by CB7 (dye in, fluorescence on). As LAP starts cleaving the first amide bond from the N-terminus of the peptide, no change in fluorescence is observed. However, once LAP cleaves the Arg residue that is next to Phe, the N-terminal ammonium group of Phe is exposed. The N-terminal Phe peptide fragment now competes for CB7, displacing the dye AO (product-selective), which is then reflected by the decrease in fluorescence intensity (dye out, fluorescence off, Figure 3 ). As LAP continues to hydrolyze N-terminal amide bonds, the N-terminal Phe is enzymatically digested to the free amino acid (substrate-selective), which again shows a weaker binding, facilitating the complexation of CB7 and AO (dye in, fluorescence on, Figure 3 ). Therefore, by alternating the binding affinities of the metabolites to the macrocyclic host from weak (substrate) to strong (N-terminal Phe peptide as intermediate) and again back to weak (Phe as product), the proteolytic activity of LAP could be continuously monitored through a down-and-up fluorescence response.
Additional tandem assays with LAP were carried out at different peptide concentrations ( Figure S4 in Supplementary Data). By increasing the concentration of peptide, the enzymatic digestion time should increase. This showed up as a shift of the fluorescence minimum towards longer reaction times. Note that when the fluorescence reaches its minimum, the concentration of intermediary product (N-terminal Phe peptide) is expected to be at its maximum. The absolute steady-state concentrations of the Nterminal Phe peptide product were also larger, signaled by lower fluorescence intensities in the minimum due to a more efficient displacement of AO.
Proteolytic cleavage changes the molecular weight of the peptide, which can be exploited to monitor the enzymatic action of a protease by real-time MS. Real-time off-line FAB-MS has been used to monitor peptidase activity [20] , while real-time ESI-MS has allowed monitoring of the activity of nuclease and glucosidase enzymes [21] . To our knowledge, we now report its first application for an exopeptidase. The enzymatic degradation of peptide 1 by LAP was, therefore, independently monitored by MS in order to verify that the marked fluorescence changes corresponded indeed to the presumed reaction pathway. As LAP cleaves off amino acids from the N-terminus, the molecular masses of the peptide fragments were expected to decrease in a predictable sequence-specific manner (Figure 4a ), which allowed the progress of the enzymatic conversion to be followed with time, even if in a discontinuous fashion.
In the absence of LAP, the pseudomolecular ion peak of the singly charged substrate 1 was observed as its sodium adduct at m/z 945.5 and the doubly charged substrate as its disodiated ion at m/z 484.2 ( Figure 4b ) in a direct infusion experiment in the positive ion mode using an ESI-TOF mass spectrometer. After addition of LAP, MS were taken at different time intervals (see Figure S5 and Table S1 in Supplementary Data). After 30 minutes, additional ions were observed at m/z 810, 723, and 589 accounting for the presence of peptide fragments formed after the removal of Lys, Ser, and Arg from the N-terminus of the peptide. The identity of the ions resulting from LAP-induced amino acid cleavage was established by high-resolution mass measurements using ESI-TOF-MS measurements. As the reaction proceeded, amino-acid residues were sequentially cleaved off from the N-terminus and shorter peptide fragments were formed. After 120 minutes, the pseudomolecular ion signal corresponding to substrate 1 completely disappeared, which indicated complete substrate hydrolysis (Figure 4c) . The time scale observed in this experiment corresponded well with the changes in fluorescence observed at similar substrate concentrations ( Figure S4 in Supplementary Data), which confirmed that the domino tandem assay does indeed report on the biochemical reaction steps, namely when cleavage reaches the Phe residue (switch-off response) and when the Phe residue is cleaved off (switch-on response).
Peptide
"fingerprinting". Interestingly, this particular fluorescence response (down-and-up) produced as a result of complete peptide cleavage by LAP opened a new perspective towards following the stepwise degradation of longer peptides by fluorescence through a domino tandem assay. This would present a very simplistic version of an Edman degradation, in which the fluorescence response signals that the degradation process has reached an aromatic amino acid. With that far-fetched goal of a peptide "fingerprinting" in mind, we selected a longer peptide composed of 16 amino acids (peptide 2, which is essentially a peptide 1 repeat sequence). For peptide 1, with one internal Phe, we Contrary to what we expected, only a single fluorescence switch-off and switch-on response was observed in initial experiments. Upon comparing the change in fluorescence signal for peptides 1 and 2, we observed that the degradation of peptide 1 was much faster compared with that of peptide 2. Furthermore, the drop in fluorescence intensity for peptide 2 (factor of 1.6 differentiation, Figure S6 in Supplementary Data) was more than half the change in fluorescence intensity for peptide 1 (factor of 2), although the concentrations had been adjusted to equal total amounts of Phe residues. The variations in the rate of enzymatic degradation and fluorescence intensities suggested that the fluorescence switch-off and switch-on response for peptide 2 was actually a statistical average response for the release of both free Phe residues, presumably arising from an overall slower hydrolysis of the longer peptide. We attempted to overcome this problem by optimizing the ratio of reporter pair i.e., CB7/AO, such that even the slightest changes in the concentration of analytes formed during enzymatic reaction could be detected ( Figure S7 in Supplementary Data). Indeed, after optimizing the experimental conditions, the fluorescence response upon degradation of peptide 2 by LAP ( Figure 5 ) revealed two overlapping but distinct fluorescence "valleys" attributable to the presence of two Phe residues in the same peptide.
As can be seen, the idea that different peptides give rise to different recognition patterns in the form of fluorescence "landscapes" and that "fingerprints" of peptide structures can be obtained by simply recording a fluorescence trace works in principle, but is in detail difficult to realize for longer peptides, due to sequence-and lengthdependent variations in their K M and k cat values. Additionally, the multiple host-guest equilibria involved in the supramolecular tandem assay itself (with binding constants between host-dye, hostsubstrate, and between the host and all intermediary products) and also the statistics of the reaction, which prevents the individual cleavage steps to occur all at the same time and, therefore, affords mixtures of differently long peptide fragments as the reaction proceeds, prevent jointly that the number of phenylalanine residues in a peptide manifests itself always in well-separated dips in the fluorescence traces.
In conclusion, fluorescence-based assays are highly preferable to probe proteolytic activity due to their high sensitivity, ease of measurement, and possibility of continuous monitoring.
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Natural Product Communications Vol. 7 (3) 2012 347 Supramolecular tandem enzyme assays stand out among fluorescence-based methods in that they can be utilized in real time on unlabeled substrates and in homogenous solution. We have successfully demonstrated that tandem assays can be easily transferable to other classes of proteases and especially exopeptidases as anticipated in our previous study [6d]. To our knowledge, tandem assay is the only fluorescence-based method that allows a continuous detection of exopeptidase activity by using an unlabeled peptide substrate [4f,22] . Additionally, the use of supramolecular tandem assays as a technique for simple pattern recognition of peptides, as attempted herein in the form of "domino" tandem assays, is still in its infancy and may require the choice of alternative exopeptidases and other recognition motifs but phenylalanine, some of which have recently been reported [23] . Furthermore, real-time ESI mass spectrometry was shown to be a valuable tool in studying complex step-wise enzymatic reactions, such as exopeptidase digestion of a shorter peptide.
Experimental
Materials and methods: Peptides 1 and 2 were purchased from Bio-syntan GmbH (Berlin, Germany) and obtained in >95% purity. Trypsin (from bovine pancreas, 2500 U/mg) and borate buffer, pH 8, were purchased from Applichem. Leucine aminopeptidase (type IV-S, from porcine kidney microsomes, 28 U/mg), acridine orange (AO), and phenylethylamine (4) were purchased from Sigma. Cucurbit Peptide stock solutions were prepared in water and the concentration of the peptides was determined by assuming the extinction coefficient of the Trp residue to be the same as that of the free amino acid ( 280 = 3,400 M -1 cm -1 ) [24] . Trypsin stock solutions were prepared in water. Leucine aminopeptidase (LAP) was prepared in activation buffer (2 mM MnCl 2 and 0.05 mM tris, pH 8.5) and activated for 2 h at 37°C. Reported extinction coefficients ( 280 = 33,600 M -1 cm -1 for trypsin [25] and  280 = 320,000 M -1 cm -1 for LAP [26] ) were used to determine the enzyme concentrations. Absorption measurements were performed with a Varian Cary 4000 spectrophotometer.
Tandem enzyme assays: Assays for trypsin were performed in a mixture of 0.5 M AO, 8 M CB7, and 50 M peptide 1 in 110 mM borate buffer, pH 8, at 25°C. Assays for LAP were performed in 0.05 mM tris buffer (pH 7.6 at 37°C) using 0.5 M AO, 4 M CB7, and the respective amount of peptide substrate. The reaction was initiated by addition of 10 nM LAP in a total assay volume of 1 mL. A Varian Eclipse spectrofluorometer equipped with a thermostatted cell holder was used for the collection of the kinetic traces ( exc = 485 nm,  obs = 510 nm).
Electrospray ionization mass spectrometry (ESI-MS):
ESI-MS measurements were carried out with a Micro-TOF Focus mass spectrometer (Burker Daltonics) fitted with an ESI source, and internal calibration was achieved with 10 mL of 0.1 M sodium formate solution injected prior to each measurement. Calibration was carried out using the enhanced quadratic calibration mode.
Peptide stock solution (1.9 mM, 52 L) was added to 200 L (reaction volume) of 10 mM borate buffer in 6 individual Eppendorf tubes. The reaction was initiated by adding 20 L of a 100 M LAP solution to each tube except for the first. The time of LAP addition to each vial was noted. A 200 L sample from the first Eppendorf tube was loaded into a 1 mL Hamilton syringe. This sample was then infused into a time-of-flight mass spectrometer via a syringe pump, at a constant flow rate of 180 L/min. Mass spectra were acquired over a mass range of 100-1500 Da in the positive ion mode. Additional MS data were obtained for the remaining 5 mixtures at fixed times (20, 30, 40, 60 , and 120 minutes) after addition of enzyme.
Supplementary data:
Host-guest and competitive titrations, additional tandem assays for trypsin and LAP, and more detailed MS data are available.
